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computer, oven if the syvtem to we simulated ‘contains @ number of components 


ra + gt gal: Seer SISE I ‘} af ee 
Which operate in parallel, One of the primary purposes of simulation languages, 


goo demsegean @. wires ate BC 
such GPSS and Simacript 1 [19], ts to coler the simulation of the. event 
é owas far ode ieitiet Ban © 
occuring in the @ifferent components in such a way that the simulation will 
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correctiy model the operation of the system to We simulated. ve 


rs ShOe. ASR - pple? 


comrech would te to imtlae peril eye om 8 network of computers, rach 
‘ese network of ‘microprocessors [ataat) =m Acpenet [18], where each 
Proce wou smash cons of oe compen of (ert. This 
would aw the simulation to exploit the motutatty and ¢ omen. the 
7 orem © te + ciated end erty tt chee « ‘Mah level. of modularity | 
: and concurrency. _ The smclation of pocket commentontion architecture syrtoms 

[0] seme perticuerty autted for this appeech, stnce these eystems are 


sy + gtetesay cogs ote Lae? 


motuler - ‘the compoueats of the system operate independently and communtoste 


with each other only by sending message pockets. ‘ace sewers can be 
aisgulated by a network of geocedsers tertitek*® 
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Packet Communtontion “Arehitestare ae | 


“A pect commesiontion eeiicare ayn condita of # numba of 
hae) a, dager? 
independent processor modules which communicate by sending pockets of 
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information to one snother. A single weegrem 1s implemented as 4 number of 


«@ = 
componeuts of the yragrem ox oe * 


The modules im a pocket communication apchitecture system cen 
communicate oaly in « Himiied faon, “AD commmaniention with module is tn 
the form of pect, eaceyt tv intel sabe of the Mofule, which can be given 
to the module in sompecket form. Tiras, « motule could be initialised with 2 
program sad inital det, Yet thenmefter ft ou westwe information only in 
"packets. Fartermer,¢ metsie con comarenioew with onty © Umited number 
of other module. Taw module vosstves aed somte out packets through its 
“input and outyet’ parts, A particular input port tw « metule cam receive packets 
only from © suGeuter cote put of oune mutts, or from « yarticeler souson 
"cutee te apo, pe Pee of te Har OyPY eH end ayaom inpat ports 
since they aoe the ealy mene for an exteruat wourex 1 omnd dete to the system. 
‘simitarty, from  pertioaler oUIpSt ert of « motule, packets can te seat only 
to a particular inpat port off seams module or to 4 yerticular external destination. 
| Outen Pats fem wh Pi are amt to cma Genome are cae 
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system output ports, 


one module to the input port of aiwther: These chants caumet atter the values 
of the yachets, aut they must prweeve the soyweutiel entering of the packets 
Thos, © chenant cam be vivwat a © MIRO queer borween two ports, _ The 
inercomsectons Wtwous sede comct e cmgst Aynenicaly 


The modules in « packet commusination erubitecture ‘system: operate 
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extoomousy. Tez ta no oyna contra inthe eyvtem, and any moatoring of 
the arte operation must be pecatre, That is, only am external observer is 


. ‘lowed to mention the mataies  chanasis in the qytem, and the monitoring 


$6 mot vital 40 the qyntom's correct operation. ‘As a result of this entonimity, « 
‘mole cen operate as son as the neceerry data peas have arrived regardies 
Of the status of other modules in the system. 
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“A pocket communication architecture system is designed so 20 component 
| (of the’ system will be required to fulfill aay timing constratuts, Instead, the 
system must be designed to operete correctly reguntioss of the delay times or 


ca throughputs of the motules and channels, Por exemple, one motule cenact 


a ~~ ee 


4 require another motule to heve « minimum response time, As a result, modules 
"mast oe anyachevagas communication protocol, 0 thit « module canaot send & 
data value to another module which lacks sufficient buffer spece, This 


a, however, must ‘be 'f jd as packets sent back and 
; aoe oa an 


ttm tn i ft 


- As a consequence of this time-indopendaat design, the speed of the aystem 
| or any of its components is a performance issue and not a necessary requirement 
for correct operation. 1 If one module or chanel is perticularly slow, at mite | 
slow dowa the entire system, but it will not cause any malfunctions 
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consistently heevly Jowlad end hence form Dotteecks in the aye. A 
» Dottlenect, cen be eliminated ty redecigning the module or channel to operate 
| faster. of by splitting ose motule into severel, motulas... _Recanse the system is 
Selene 0. rm emda, he eped eta motaleomt te, varied 


without. enusing malfunctions, oo 


tua Sune pean orton modularity of design io thet these systems can 
required properties of each motule, prove thet cach motule satisfies these 


| Peopertieg, and then peoye thet the system will operate cormecty Af all modules 


satiety: Chats requirements. In other words, the erectaess - the system can be 
"proved moduleriy. “Genel methods of proving ie corpetions of packet 
communication erchitecture eystems are currently Weta investigated by Hilts 
[10]. 


| Mxamples of Packet Communisation Architesture Modules 

| ‘Three baste ‘module typen functions! operators, switches, and arbiters 
Mlustrate some of, the operstions which can te performed! by picket 
rigere is. ‘ma thecdlagpems the lines reprmnt the channels cotiectod to the 
input and output ports of the modules, and the dots on these lines represuat 
date pockets being trunemittet over the channels, 


: say ies a ee ; A ER 
A functional an cee ee tenations (ona for each output port) 
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with input packets as arguments It can fire 4 soon, as one packet is received 
at coch input port, meaning that it abeorbe thes input pockets, computes the 
output values, and sunds one output pecket frimi eich output port. For 
cumple, he DIVER metule of Figure 1.12 comptes two ftmctionn the 
quotient and the retsatater of the tapat vetoes. 


A switch module yrovides 4 means of routing data 10 different modules in 
the system. 1 can fire os soon as a pocket is received om its input port. In 
‘firing, 1 abeorbe the inpat peckst and then sends an iMantical output pocket 
from ons of several outyat yori, depending om the pockets value, In the 
example of Figure 1.1», the output port selected depends om whether the packet 
value 1s positive, sero, ot negative, 


As a finsl example, the +: tania iio ented “Merge together the 


is received on ‘either’ fapat port. In firing, it dbeor 
input ports and sends an identical packet from its output port. If packets are 
received at two input ports simultaneously, the. module will first fire, absorb 
ome of theme packets, abd sad it out, ay: Cee rele Of Ceara oh7 _ernet 
Which in not abeorbed will ramain at the fayut port ‘Hance, the module will 


ee 


‘fire a second time, aveorh thé remaining yockst, and seed this one out, 


2. 
et he cee re mat tb eed a Chap 2 
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Once. the funetiqnsl.tehavier of ell qompemants dewe beun develaped. and 
| proved connect, these ano othe tssunt.te De suited hatens. he: ersten: con be 
implemented. Yan tmgtemeutetion mest mect other seyuisements on the overall 
speed of qpreutions or the ttl cut of the quem. Ties, for a particular 
ington, © Gig Wi west t memmae te pestermence of the system 
for Giftwent cute of taput Geta. “Taw memmonmente am fnctede such factors 


os the cvmell spent it te quam, tte het on pantmster components, sad the 
buffering equtvements ot the taput parts Ques mansusements for a perticuler 
implementation Dawe Deon minde, the Gucigner will went make mesraremente 
“this methat, the Guigner om maninéee She squed- ant: minimise the cast of the 


Measurements of 2 aysten's performance are required not only to find an 
crtimem implementation, but sieo to comune the aystam fo other system 
ee ar A eas ee eee While packet communication 
crcntecrare ayo se puemitity way fet tum to tee high Weel of 
dvstred. | 


Developing methemeticel methods ef yeelicting the performance of 
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particular syrioms sooms to be very ifficalt, One cannot. simply count the 
| Mumber of fustrocton cyeles required for a particular program with « perticular 
set of iaput date, While ‘the modules interact with eech other in a very 


nie ak ated wey fom « ace easy, Se eran 


system. ‘For cxamoh, tmrsing te mong! of can, mofule can crue 


enother module to become « tottleseck in the syvtem. _ Thus, a “modular” 
apyroach to performance analysis will not work. Furthermore, the system 


of seme syotem:: <r waaeein id hin tabuant ohalbabviy wilnbinirdiiiea Gon 
each compunent of the aystem. ‘Tate amine de Go tla hewee bn peoviaed 
Ceara snare: nei se es 


An. erurate _dtmalation 2 a — woul “provide me astred 
mecsurements for a particular ou of taper date While it might be hard to 
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Judge the general performance of a system bared on simulations for a few outs 


of snp ate, ie serech soma to vide ret Samer information than 


To evold contustou between the sywiem to be simulated end’ the system 
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system might in fect only exist on paper, this 


Aistinguish the two, Pertharmete, the mofuien and chums of the sctoa 
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| Requirements fer the Simalstion 

To provide the type af mecmmemente required to evaluate an 
implementation of © qt, the stlainn mast comunity model all eects of 
the system's operetions, This thabede ‘motaning tae Getatet timing aspects of 
the system as wall as the functions! tahevier. If only the functional expects 


Ser ge 


Ware modeled, the simaiation would erctssiely model some implementation of 


the system, bt met Moly ant che implementation we anv futresiod in, 


weeps 


a ncaa seokastic methods 


the system is affected by stechestis preceeme within the matules, « simulation 


of 8 xystem should provide ail tnfirmation shost ‘the extivition of each matule 


2 Foes ge, 


for & given sot of initial states ve motae peageme end initish data), ant a 
‘articular soywence of iayet jackals youmitnd to cock aputem inpat port. if the 
| modules behave stoshastiontiy, the stochastic poems must be modelled, so that 
any random werishles will to chown with the mums pobsbility in the 
simulations Gey. amp im the sping! syotem....4 singe siwalation will oaly 


‘one coprcech to the stmulstin of  puchet communication architecture 
crvtem 16 with « coped comguter eine. WH thie copeeach, « single 


| | communication channel in the system, While te ¢ 


"alow, 18 fe ot diementt to implement Fcc every. pet ca: eninge poet’ of 
~~ ee ee ee es @ packet descriptor of the 
form UE 900, Where 


ree = the Gime st which the pocket orived ot fhe tayat port 
These packet descriptors are stored as @ sequential. list called « a time line, in 
which the descriptors are ordered by their time values. Tee aepuletion looks at 


It then simulates the firing of this module. by, g.the ebeorbed input 


pechists frm the tte Hse, computing te onto vetoes apd dae, tnse for the 


og | " moule, and theg inserting new packet demciptors for soch output pocket, into 
the time ling. Each new peckst descriptor contains. the module aqd input. port | 


| Bumber of the input port which receives the peckat, the valne of this packet, 


repeeted for the new time line, and so on, until no module in the aystim 1s 
| able to fire. ‘As long as the simulation always simulates the varliest firing in 
the system for a | given state of the tine line, 1f cai"be ceftain that all input 


= peckats which would heve bem received by this module at firing time are 


present om the time line, Since 4 j module cannot be 1 ected ty new input 
Peckats arriving while It ts firing, the sitire firing of the motule can be 
scaciat without” Hata ot other “mints ths esfam.” " Simulation 


Mangan, sue 26 OBS a0d. Slemanciot T.L53), 00.0 sanlant of this time line in 


cream, several of ‘he moines is te ersten, Tha God wad pede 0 
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one another, Just as the modules in the ectual asiem would. The, packets are 
cvnt over « communication aetwott, which provides counections among all airs 
of simulation processors During « simulation, however, & procemsor would send 
pockets to another prooeamot only if the first Js « 8 motule which can 
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send packets to a module being simulated by the second. The communication 


network is provided to allow the simulation of aay ayetedt “od 
won eadition, a hee Hest ty 
| simtation, end sictittor tts progrest. 


om srr “ts thei, itt te 
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Hest: Interface Bus 


Figure 1.2.- Mructure.of Sisiulation Pactitty 
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Ths approach, comme ‘very netarel, sinen the strastuis of the cimnietion te 
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| mach, Hike thet of the sete batag stuntetet. Ht should also be faster, since 
the stwaletios proses cum opmete it yuvaliel. ‘ Nepetulty, Wie eta. ol 
Svea WE me te ye, «i fertion of prcmmer time 
aa con inet ne st tin ti i . 
Pergo of Tae | 


systems on 2 seats. capa eps. wee. 
for these stureletios. muthets tachude: 


1.) Gonevaltiy: of Siteuleting: Systes:.- The-saviatton-syould not 
require = -highty specisiinel. compater system on. which to: perform 
the siapeiuteet ee: wete-on any system. which sapports 


mpecny of Settware. Tee yenges al eect simulation 
- a r f teed = 
Seat oy ana pee once aneeneees . 


4). Dossoustie | ins cikeiiian aie ais owt tae 
moues porenties putbelion: tirthe stmujetion speten. Furthermore, the 
aoe Seen > frome to hemp thet offerte 


One way to cuttaty: ths fi get sto Sets santero ent ew’ the 
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processors should act autonomously, with no central control This will simplify 
| She computer ayrim require to yrform the simelation ty removing the need 
“for & Mighty qpeclalized, high speed central controller. Of course, passive 
monttoring might be allowed to observe the simulation activities Second, all 
communication between simulation processors should be tn the form of pockets 
‘As « rerut, the procesors will Reve « waiform form of iapat-outpat Perhaps 
‘most importantly, the simulation will be time-independent. That is, the 
sccuracy and corrects of the simulation will aot depend on the speed of the 
simulation. processors or the communication network. This will eliminate any 
“real time cousrelats ca the slmetion hardware and software, which will 
grectly simplify the desigs. This will sls enable the simulation to be 
pecformed on say computer system which supports communicating, processes. 
The slmulation of eech component of « system could be handled by a different 
process. Several of these processes could be assigned to.eme processor, which 
could execute them without any time constreints, | 


While the simulation might be faster on a highly specialized simulation 
feciity equipped with © high speed controlar or processors designed for real 
time applications, the amount of time and money required 0 construct such « 
_ felt would be Justified only Af « vary Inge number of simulations were to 
Lctosmet ; 


generality, simplicity of software, and reasonable efficiency.' One means of | 


simplifying te tack of softens danign te to the © modular agyrosch to the 
“design of simttation yoogrens, The simeletion yeogsam for « motule must not 
‘only simulate the sntivities of the motule, it must also comannicete with other 
‘Gaobite jdcagens is dase a eeawcase-aesiaees enedbiaaied. Thus, the 
svectications for each salation program will factote aot caly specifications of 
the module to be stmalated, but also apecifications of the cocedinetion ectivities 
To Keep ‘the design maduler, the coordination extivitier must te simple and 
uniform asada to) te ‘easily end accurately specified. ‘Moreover, these 
‘coordination activities seust be both guuerel and reameshty efficient. The major 
task of this thesis is to develop coortinetion methods which fulfill the 
_requicements of simacty, gmenaiy, at efficiency for « simulation which i 
ttf « packet communtestion architecture aysten, 


In Chapter & ‘methods of ‘simulating the components of a packet 
communication sschitecture ayetern, Le. the motules and communication 
“channels, will be dieoussed. Find, rules of operation for peckst communication 
architecture modules will be poosntel Than, methods of simuleting both the’ - 
functional and timing aapocts of the motule will be developed. ‘The emphasis: 
wilt’ te on specifying ‘what & cersel. Miaabédied Of & mabals’ weeld-6>, rather 
than on the more Gifficult problem of translating them requirements into actual 
pocgrems, The’ suobiam of yeotucing pongrems chick will esonsuialy simulate 2 


In Chapter 3 the ideas developed in Chapter 8 will be extended to allow 


| the edmuletion of entre aystems As will be sen, if the simulation processors 


 qparations. Bence, the requirements fe the cirrectaes of simulation proof will 
. oa cont. i Nt ek a ean will cventually 


mecha at Canta 3 ll be suber 


a metaecer tn serene sgntionnti7 but..can 
will not cae Se cmlatin pregnant vila any af the pequirements: for 
the eavoctnens arent: C  eesomael “4:ta: nantes Uadaybanter Aemansinotan the 
| benefits of « medals apeoach to corerinen post 
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| By waking within the cme of yet comrnintonaehitctry, this | 
pty : 


‘simplicity of hardware, Generality, simplicity of software, and reasonable 
efficiency. | Moreover, these techniques are provabiy correct. This is 
particularly comforting. congidering the subtle nature of perellel, exyachronous 
computations, which can often heve unexpected deadlocks, reces, noutermination 
es ee pa 


For any computation which is decigued to be executed by « parallel, 
ccyachronoas eyviam such  « pecket commusiotion architecture aystem, « 
proof of correctness is essential. The traditional approach of implementing an 
tniial version of a yvtom and than debugging ft will aot work for 
computations. which must be time-independent. ven if the computation is 
tested om a large number of test case, one cannot be certain thet it will be 
correct for all cases. A slight change in the timing of one part of the 
computation might lead to a deadlock, critical rece, or other malfunction. Even 
im trying to prove the correctness, one can caslly overlook some of the 
| gabtletion of the computation, However, by carefully developing a formal 


t 
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more of the methine or communication. chennels is. the actual system. This 
‘Inctades stmnteting the timing: dello of te mebaib ox well ws the module's 


eBay 


data operations: HE the smuisti is to itelf te; @ packet communication 


 aechitectuse squnam, there can be ue timing comstmints oa the simulation 


Hard cfes 


processors oF om: the: commmunioetion itahe between seeceeers. Heace, a ‘method 
of cimciating te ening meat be Govaieped. hint, i> intepentent of the sped 


Bete mates. oh seartating metnies. cam. ve dovelaget, the: buhevior 
wick: will eammeteh: of thane sate. ceet: bo pment. In; the-intunent of 
Phileeophies of yachet communiestion sschitecture design. However, as 
cf synieme Te ome shuuette, Purthermers, these alivwences do not cause any 


At any tims, « module is in one of two modem the weit mode or the firing 
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"mode. ‘While in the w wait mole, the module cannot produce any outyat packets, 


2. Be | Once the necessary conditions for firing are met, the module fires, meaning that 


7 Ea ee Be tet ae fet oe me 


computations, nk eign: ae: Salen emai iia SNe eet apt get Then i 


remains at an.input port until 1t ts ‘absorbed Vy ‘the aietute, An-output port, on 
the other hand, is move like-s @ Goor through whict outyut packets pes. 


The module must make the following decidoum whan to fire, which input 
peckets to alecrb, what computstioas to perform, the values of the output 
pockets and the times ot which they are oat, and the sew stats of the module 
These decisions oan depend on the following fetorn | 


The values of all pechew' ot the inyat ott “i 


- 6) Stochastic: promeeses-within the motile, ae 
. However, while a motale ts tn thn fing mote, cemct te fected by taput 


: "els cca gets motules whose behavior depends heevily 


om time: the current t time of the module, and the thee at which sech iaput 


packet arrives. “While this does not fi in well with the philosophy of 
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Dds 2. PEG Bete 1 8 Baie cae sok a aa gh ape HN ee SEE ‘ 7 oer 
time-indepenfient denign, it will not couss any pusticular difficulties for the 
ete 2 : ee D ie: gear? Live 42 Stine PE afr wt meray Rion, gt : oh oe oa! Cy 
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Similarly,  pontueee eaty tive Wane of eotpet nate: 
ap epeceier: tiie nee 
as) eager perp apeon yong = 
see OE sii am eeatate. If the module 
contains 29: oman; appHEN ume she amutaten: ofthe motule should 
produce the comest output inflrmstion tenéxqn thesiayet infommetion. If the 
correct output infucmmtieen: et ox: the: tages; iateuatton ‘amd one set of 
chotess tae: he. senkem. veteiie: Puetemncen, het. steuiventie: peeves: ateetld 
De stroalened, tr mde ae: war thet: ctor wales of: the-auntom vertebien: sev: chewen 


with the ame. patettteny te the snetetion a fing would te tn the extnal 
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_ Medule Histery 
- The ‘ayut and outyut information received and sent ty « motule while tt 
1 operating cam be formally ected in terms of sorta, ‘The history of « 
single port is a sequence of ordered pairs: 

hs (xpt), Megat aves btpst eons i _ 
where x, is the data value conteined in the, /th date: packet arriving st or being 
sent from the port, and ty ta-the time-at which 4:4s:receivel or sent. Since 
packets are. sent of secgtved.one.at a time, webave f; > f;.1, for all j 2 1. 
We also require ¢; > 8, This implies that no omtput port can produce a packet 
at time 6, This restriction is part of the finite deley.restziction which will be 
iscussed in Chapter 3; Furthermore, no input port can receive a packetvat time 
@. Any pockets present qt an input. port iaitiélty are considered part of the 
module's initial state, and not part of the input port's history. 


While similar 4n idea, this definition of history differs from the 
definitions used by Patil [16] and Kehn-{1@} ta thetr work with determinate 
systems. Their istories. are sequences. of dete valnes-eniy.and contain. nd: time 
values. Histories without time values. woe: useful for them, since determinate 
systems have time-independent behavier,. Bor: simulation purposes, however, the 
simulation of the timing is as important: os.-the: simulation of the data 
operations, Moreover, the time values ete part of the input and output 
information of the module. Hones, the: time values. ere-an important part of the 
history. 


Since en infinite number of date packets could eventually: pess. through 


Pert, a history can be am infinite sequence. Mowers, for say physical system, 
there uct be cm inten apron te 6 terme ny. fre chet 
nace, ao move than 1/9 packet con pam through the port beers time f, This 


implies thet « hiseey amet be « commie sgsenen 


The se heteny: af, am tng post ty to teneted teh, ond the history OF an 
Poet te o- ty fn Gn weeupieraf the Matera oP tape port, 
Sw bahigy hab, 65 Teh 
a 6 meiteitn wrth eatpit pete 67.03, ....0y ts on 
diate en eaten aa 


Dust os the Mei of the pet pars eo metuie can be comin 
ayetem) con te suntined thle sepeten ape mite 
 Ccabhghteg VT py 
whens tysige-a ach ane hedpetein iaipet porta; SUMMA, the Mivtoties of the 
Oe caiay ss RD, 


It will be useful to define the relation "is en initial segment of” between 


we Bistenten:: Sane Metery hy te © proper tee signi et 2 Mintoty: hy, 


| Ganoted hy c hy if 
| ’ | . : . +e gd rep 


. hp s Cx got), Uxgety) occ (eget ys Msg gut jog) eeees Ugetys 


hs = dept CegutgD seve bets), Upesetyesloe : 
Than hy is an initial mgment of hy, denoted hy © hy Af hy c hy or hy = Np 


Them relations can be extended to module input and module output 
histories as follows | | 
es by 
HI - cht goth - 
eee ee 
then HI & HI’ if and only if: 
umeanaEe: 


A final notation is to define the history wp to some time 1 Wor 6 uae 
port, it) te a history, hh, 5 where i’ contains all elements in. h with time 
values st. Hence hit) © h, This tee can te extended to motuie histories, as 
well: , 

HI) « chi (0, higtt, 7 ty a> 
Thus HI) & HT = Hie). i 


Using the sett of istris, the cpeton of 0 pitt communication 


architecture moéuls cnn be steted peecinly. 3 the module comteins 20 


stochestic yeccemes, then the outpet histery 1 and the final state Sy are 
functions of the input history MI and the inttisl state Sy. For modules 
containing stochastic yooceume, 1 and $y are funetions of HI, S», and the 
vetoes of the venom vesicles, 


Mote thet o modele which computes « function over histories ax they are 


am her 


defined here may aot compute 2 function over the histaras defined by Patil 


[16] and Keha [18} siace one hivtaiias tasbate time values, modules soc os 
arbiters and time clocks compute functions over these histories, wheress they 
are not functional over hstcis without time wees 


serves culy te wamuy< the autgut gece femas csiget: pert of em motdle to 


ordering of packets. Pechets will be secnived at the input port in the:seme 


= which tay sont femy the snipes pert, ‘A channel's operations con be 
ESRF gS, 


‘sated formally, ta terme of historian, UE eutpat port oy of module My 1s 


. nares 


connected fo input pat fy of mata My, an ¢y es ene hitory 
: tay = tapty), tose apt pov ; 
= ae | 
| hi, - tape p. ligt peeceslept pire - 


Due to the order provervetion, f; > f 1.1. Furthermore, since values cannot be 
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received "before they are sunt, 2 ¢). 


While communication chanael cannot change the valuar of data packats 
or their ordering, it can introduce a delay between the time at which they are 
gent and the time et-which they are recetved. This delay must be simulated, 
since it will affect the input history of the motele to which {t is connected. 
The communication channel can be simulated by one-of several means. First, 
we can simply ignore the delay and consider hi, = ho, This would be 
appropriate in cases where the delay time of the chamnel is much smaller than 
the delay time of the modules For example, if the modules are close together 
and directly wized. to one. another, the channel. delay; Sime will be very small. 
Second, we can simulate a module and the chimnels’ connected to its output 
ports as a single unit. Cohdabalilig’ We oa vad hs @ atealing the 
boundaries of s module Mi to include ite: entput chansels; es: shown in Figure 
2.1, The output ports of this extended module Ml’ ae wired directly to the 
input ports of other, modules This solution is. appropriate if the channels 
connacted. to & mofule cperete infepandantiy. of other chanaais in the system, 
rach as channela which are implemented de-FIFO beffer units, ‘Finally, the 
most general approach would be to simulate the channels as if they were packst 
communication architecture modules. This approach would be required if the 
channels do not operate independently of one another. For example, if packets 
are sent from. one module to another over a network, such as the ARPA 
network [15], the delay time could depend on the total number of packets being 


sent over the network. In this case we would simulate the ARPA network as a 


be yey 


if outpat pent: ame caianitereeanseten to teeigint i°6-aaotinr motule 
‘tan he, «a, eu tags fois g beed COUR GRR GRP hc RSW dee, 


dn aes WRT 


"Time Independent Simulation of a Module 


2 angela BR wR GA ee Qa RR ERG ‘Fhe re 


Tha ide of « Matery tes quite setanlty 19 « meets of representing time 


sande ak ge Fes ies Lae See GES Tere thao Git eegas Soe aS, 


tm the stavuletion The tine ot which « pocket ts cont from on outpat port can 
a ak. See BE Ge, Eehey gad ee BES ae ad Se EL eA ge ob 

be considered part of tts wale, rether than on implicit ovary. Thus, the 
value of a peoket is a.peir (x,t), ‘where + te is data walne, aid fis its time 


value, By explicitly providing this time information in each pocket, a 
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simulation processor. can simulete the operation of a module without any 
real-time constraints, 


For example, suppose we wish to simulate a DIVIDE module as shown in 
| “Figure 2.2. If the simulation processor recetves the yeckets, (<,10) -and (9,28), 
on ite input ports, then it will simulate the firing of the module at time 22, 
and, since the delay time of the module is 6, produce output peckets 
(X(mod y)»25) and (x/y, 25). The simulation is not ‘Tequired to operate at a 
perticular speed, since the actual time at which the cutyut pockets are sont 
‘during the simulation ts aot important 


Figure 3.2 - - Example’ of Simulation Module Operation. © 


oe eeeecepeenrnerenreneneereneeennenernonenenEeonoennneoerennenrooenee Coe 


With this means of simulating the timing, the output of the simulstion of 
a module is the entire outpat history of the ectual module. This can be 
“described fornially by defining simulation histories. Yor any port in the 
simulation, the simelaton Metory is he mquaace of pockets pening through 
the port: 
RS a le get gd, (xgetads coos le zetpeoee 5 


SEC Ae ae Pe K the mutation corvectiy stmulates a 
‘port, then bs « - th, whens ht is the history of the euveqpenting port in the 


Simation hatecins con bo datinad for motuies, 100, The inget simulation 
history of « makate te on =-tnae _ 
saa WHI» chat pbaty...,hady , . 
cot the ontoet cemnteton histery i on w-taple 
smc dima Ea i li 
‘nistery 90-es0 dafinet-in «-cimtiar tushten: + Puptheemere; thw relations’ € ead. c 
sre defined over simulation histaies ia the same manner a they are over actual 


The vequiumente fer the coevnt simulation of § module can:'be preciosty 
dettned in wns af Dstetes fer medaies with ncu-cteyBaste Sehevior 


Suggcse an actual module produces on output history HO and 
finishes im a findl state eo em te in 


Sy ant ee Bh: em he stmauietion gf. this 
 madule mast gach 


The requirement that the simuioton be noifiod when the last pocket has 
‘Yeen resived ts sented to peevent the smaution foum hanging up, welting for 
packets which will sever arstva, Thds wil be Giacemed later tn this chapter. 


inyut ports of the modules in the simulation, there is no guarantee thet the 
relative orderings of ‘pockets on different input ports will be preserved. This 
“an laa. to a prot f promatare fring, {2 which'the fring of motile at 
some time fire Jo simulated before ll taput peck with time < fire have 
arrived. . For cxemzie, if-an_-arbiter in the stmulstion receives a packet (x, 18) 
on one input port, it might simalete the firing at time -ifire = 16, and (assuming 
Ht has a delay time of 2) cond the packet (4,12) fume tts outpat port, Suppose 

now, though, that e peckst (3,5) is received on its other input port. The 
a a mn ein nt net 


To prvrunt: thie povitans it: peienenies ttag, “ini? titty’ at's witiihe ot 
time fre must uot be simulated uate 


secatved tnt gto on tmp ret hy te 90% tos 

fire on that input port. ‘Tvas if the snamulation "stoned “the: thnie value of the 
at my ca. Ye ak ca tapel sem ait sts Si coe 
_ Hiring of 6 module et than Ye con be stated IF Ye # sn ttest,). 


The simulation of a module proceeds as follows 


1.). Determine whether the ‘acdule\ca’fifé- at seme’ time tftre 
Pret ery) lees se ee Gos se ee ee 
the “taipat “verte: Wik ts ‘s oft rent ‘stdte of” 
moiaie Sy ead te owloume of tineiadons of cay  sochastc 
precasaeg, ane 


ee 


“2.) If the module can fire, then simulate the firing of the module 
aa follows: 
| a). Remove the proper input packets from each input port. 


» 936 = 


| Ohly meats wt ne ane «ge ook remove, 

slats pen cyeerrcaffiar tect paihiete. “with 
cae wae sO ee eee 
roe, Sham Gite. estadad ns : 


hes 1 ie ae Fe ce a Ca 


. "Assuming ihe simalation will produce the proper output packets each time 
Zs gee “Gira abs afggeere Sd ope eBay hasiege to Baec 7 oe 
te sibalitr the fing of « modula, the tpat ofthe smlation Will always be 


a taitipl eagmant of Aho qua leteny of the staat mdite, ‘that is: ‘MSO & .HO. 


oe Howewss, 400.10 the-toquimmneat thet Yn. Bie anes: itd possfMiesfetr the : 


_, mulation of « motile. to Deng up Set weiting fepspechete which: evil “never 
arrive. . _Sugpcon, fon snaie, that ca eciee ta Hhactmalaion reeks a: packot 
e180) an ing poet 3 Wathen ened ved: tie peas ‘With time -grediersthen S on 
input port an Cem Uastyie 6 <-4fe= 16, Qened te! diving ‘nt--the -saetule 
| Cannct be, simulated, . Sian wenn tighten on op nenins watinntreae: /,. the 
firing of the module at time 10 will never be stimulated, even though the 


module is enabled, Te simuletion tect 'b0 notified sotsshow, when the lest 
pestann, hes, Sate, tt: ead iapet--gert, a0 rt Marea Tg input packets 
a + er een tthe mtn 


Cn es 


Conclusion | | 

By including the simulation time in eech date packet, the operation of a 
| module can be properly simulated without any real-time constraints, Although 
this requires eech simulation processor to compute time values es well es data 
values, it ensbles ws to simulate a wide variety of pocket communication 


- ntredmetion 

communication eochitertare pats: weet Gimmes <2; qa wheempt to 
modules in the stmulstion are waiting for peotate trem cach other, but none 
can be fired until. one of them yrotesce mere output. pockets. Unlike deadlocks 
of deadlock, called Ranging. up, wreventa the simulation ftom fully simulating 
the activities of the extusl qyutem. 


For ememela, the stmulstion peaguem fer the arbiter in Figure 3.1 hes 
received a packet with time 3 on ingut pert 2, but nothing om inpet port 1. 
Hence test, = © < ire = 3, ant the fining of the ashiter cannot be stmulated. 
However, no packet will ever be received en the other ingut port until the 
adder module fines, bat this will net hegpen vnttl the artiter fires. The 
ty) at time 5 to the etinr, which went have fined ot thme 18, and 20 on. 
‘The simulation Des cased agenetion at an certine time than the actual system 
would have. A yenget stnulation wonkt seth the mame state thet the actual 
qetem week. Aitintenal cocedinetion detwann the procepsers is needed 10 


- 399 - 
prevent the simulation from hanging up. 


CORO EOE HEREMEREEOEEESEESEHEEEEEEEEEEEEREHEHEEEEEEEEEEOEEEEREEEEEEOEOOE 


(x, 18) 


- Pigure.3.1 ~ Simulation which hes "Kuag Up.” . 
POORREEE OEE HO LED EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEOEEEDDEOHEEEEEOEEEEESEHOEO 


In this chapter, ‘a means of providing this coordination will be presented 
_ le mse Se cn er ome 
comment. modsles 


4 sant lone haere te date pct ee, ‘eiaskiiin wa: eanaiten 
additional 


For eech module to be simulated, « simulation processor must perform two 
types of operations: - module activity simulation, and coordination. . These 
operations together comprise the ectivities of process called the simulation 
module. ‘If the stmulation ts iteeif to be a pocket communication architecture 
“ ayrtem, cach simulation motule must be a pocket communication architecture 
module. This means thet the simulation modules can be viewed es sutonomous 


: Process, even f oyveral of them pocemmat are exwcutel by cue simulation 


The stmsiation henge up when the shustetion modules fall to communicate 
their status to euch other bet invieal walt pamiesty fet other stmuletion 
modules to take ection. astead, the stauistion metules couM sad. status 
_ information to ech ther the form of the poosiny WF tae form (1, where 1 
is a time value, The pockets gue sont chong the ermal communication links 


between stmulstion modules When a siesulstion module sends a time pecket 


(2) from on output port, this Aitsnenl' CAMs sv pum “With tame ~ebwed “ton 
_ team oF qual to ¢ will be aunt feom this outpet port tm the futere,, eas 


ts so “sina gees fie seni rp nEa 

ite tidal eumNee pesiinly tite tetiee or ae Milde tank WY the idle ‘fies 0 
i Edie oo oe. _ | 

, | 5 a = By tay) + daly. aa | 

‘The stmuletion motute cauaet rotors mee cvtpst date pockets with time 


| Values less than or equcl te (out, hence time pockets (tout) cam be sunt from all 
outyat ports whtsh have set ceaty peodumed pasts with time values grester 
| than or equal to swt, Purthormneve, if the firing of « module at some time {fire 
ts stmelate, Dat wo dete yoctets are smat from an ouigat port 0 then time 
packet (i/tresdeloy) cnn be sunt from 0), ctnee any future deta yechots from this 
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“ontpat yrt wl hy tne valor vr then + dal 


‘As Vong os at thane at dete: yosiete ie’ ate Trdeteach’ output port of 


oiveg 


simulation motule with strltly tncresstng time values, and the communication 
‘Hinks between the simalatten: taetuine yewsbtve the-eeeenshiy uf the packets, the 


a ae “TSF Goyer 


Value of test, for aq. tupat. port ls’ till the last time value received om that 
EE PERT ARNE a8 SERN T 9 EE RE Bear Eine yecet. No new packets 


ety 


ond be resetved- et ancingat port “with ‘tame -vabwee:teeo then or equal to tlest,. 


Va 


I the valet of oy ae:gretr Wen so fon ai ctantion modules, them as & 


Toru of heen, snatinaton, eritten tin stain metules will send 
app Bre jo note? fouls 


modal Se she sma he Fag ote edule hy avlting deaiocks. 


ia the example shows in Rgury.3.4, The dvohion moule for the arbiter 
has received a dale, paphet with. timevaiog 3am inyyl.gort 2 and has received 


Bek. BS EE Be 


‘nothing om input port 1. “tae ectier Sanaot, pompbly fire before time tmin - 
min tlas , thes e win(@,3): = @. Bence it cannot poryon ony output peckets 
with time value lees than or equal to twin + delay © 812 © 2. Therefore it can 


tg he Pe ge 


saad a ttme pocket 2) ingut port 1 of the alors simulation ‘motule which 


Bilw QZ MBL Ren | Yak Se Ce 
in tara would plate ties; to 2. "The ‘ebder cannot’ poustbly fire before time 
ese ei Me Bits BO 


“\ tmin = mint2,16) amd therefore cannot produce any output. data pockets with 


: afer Pegee Fitece 


"hme values test" than or ‘qual to fain + dey = 262 0 4. ‘Therefore time 


ew @22 somo Seb6 0 Maa Gee 


| pocket (4) can be sunt béck to the ertlter's simelation module ikke sould 
3), the firing 
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The operation of a simuistion module can be stated as follows: 


1.) Each ‘time a time er date packet is weosived on input port it), 
update tlast,. oe 


2.) Determine whether the module can be safely fired. That is, 
whether the conditiens are sufficient for the module to fire at 
some time (fire, where 

: itfive s SIS, Aelesty). 


a.) If the module can be sefely fired, then simulate the 
f the module on those input packets with time 

S tfive amd produce the output data packets. For each 
which data packets are sent, update the 
tlast-out;, which is the time value of the most 
packet from 0. For each output port 0, 
for which tlast-out; < tfire + delay, send a time pecket (ifire + 


tout = tmin + delay, 
and send a time packet (fouf) from each output port 0, for 
which feut > tlast-out ;. Then upéate the value of flast-out ; for 
each of these output ports. The value of delay must be 
for the module to produce an output packet 


3.) Return to step 1. 


These coordination operations are quite simple, especially since time packets 
are produced primarily whea the simulation module is otherwise inactive. The - 
simulation module must store the value of (last, for each input port, and 
tlast-out, for each output port. However, no storage for time packets is required, 


since they are not needed once the values of tlest, have been updated. 


Furthermore, the simulation requires some means of determining when the 
_ system input ports have received their final data packets. For instance, in the 


nog ee Let ig eae 
Sergey ee oye eS 


example shows in Figure 8.1, the firing of he erie pt time 3 would be 


| sda andthe poner ye) would be cant to, the pddet's simulgtion module, 


as shown in Figure 3.2, 


ta 
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Figare 3:2 - Simpiletion: Requiring Packets’ on‘ Byettan: Input Polite. 
“Recent cents eet soe ort oe es a tt fr the 


% Be ae cB ae: 
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. Suppose thet no more pockets are received at input port 2 of the’ arbiter (this 1s 
a system input port.) Then the alder matnle sill be smabled, to fire et time {fire 
= nex(S,18) « 18, but the, simulation motnle, copaet steyalate shia fizing, since 
Masts = & < free 18, ‘Tasead, atime pachet with, value oin(G,i8) + 2. will be 
- feat to the arbiter's simulation module... Thia: stianiation..motele will. compute 
tout © min(7,3) + 2 = &, hence mo time packet. will be sent, Qnee again, the 
simulation has hung up. The. simulation. module: for the arbiter is still 
expecting data peckets on input port 2, but none will ever arrive. In onder for 
@ simulation to complete all operations up to sometime {fine time packets with 
value 2, inal. must je. sent to all system taput.ports after: the last date packets 
have been sent, If we waat to simulate the entin spegation, of the aystem, 


eS eee. 


time pockets With walae mast ie mnt till qystem inyut ports, whare cis 
grecter then eng ther: ime wale Tate can tent sentarminating 
| hal fir nar madeaine-wellh evar bevenebind to'fire again. 
fis Chapter 4. 


| Tn oar exemple, wo: want to: complete: all operstions with time < 18. If @ 
time pechet (1¢) ie mnt: te. cetiters simnigtion matule, i would compnte 
tout = ain(7,183 + 2 = 9 and snd this value to the: agpiter.. The adder still 
cannot be fired safely, Wat e:time packet with Value win(, 18) +2211 would 
be sent beck to the srtiier’s stmletion metule which in turn would send beck : 
© time packet: with wlan what hbeMi s+, 2. op: 822: atleaity, Pree IOs 
mint tat)  hnfl21, a the fing of the ater « et tine 16 could be 
i senebition Wistories coatein more 
simulation Meliwiee te give: the sequende ef Geltt pestets ‘thtteding thetr time 
p. Sor etimgie, if 
ae te IF CF; GvSRr: te, 25); ch0e, 


 datetheeh = 42,11, 4:20, tr. 
The Function dato cin te appli to ste sini iihrien and system 
- stmmtetion histitie a well, | 


So RRR aaa ie Be DSBS SDD Bere. 
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ane Tule condition gut poms the "owing of peck 
communication architecture design. ~All coordination information is passed 
between simulation modules in the form of time pockets, There are no time 


aad 
constraints oa the slmulstion module, end the simulstion modules cam operete 
wet aR ET ak rms: 
independently. Furthermore, the coordination operations for each motule ere 
x 1 ane ate od wih Sgn Bie ef eae! ; 
very. simple Rech simalation module pectorms sdentoa coordination operations, 
Seat Pe sag Ses 


Which allows uniformity in the simulation peegrams, 


©. (hose ‘slim Wlationt -modutes to which: {t uso <seuite dem ‘penieéts,- dad these time 


< of inpet ant: outpet gets tein. starulatiee’ maddubeclimaiaht; Me-nitaiinetes the need 
to. spachronine: (the cosrtinetion: iiformebion: With the dita information. .3{, on 
special measures would be requ red to prevent a time pocket from arriving at an 


ieee, 


input port before a date pocket having an earier time vaten dows Ry sending 
time pockets along the sormal communtcetion Haka. We us the first-in, 
fir-out property of thee lak t0 carte the piper smyowacing of time and 


ee First, a 


nage TUR, ae 


ee 


large number of ime pockets must te sont to keen the simulation coordinated. 


8 Aone Rabe 


os example of Pigeses 2.1: 048.8; 0 Wd ot meantime: pockets were 


eéyat > a eee Bae 
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transmitted so that the aftiter and the eider could eech fise once. ‘This causes 
‘tothe deter tn Ce stmt and suey to's commmniction channel 
between, sturaletion metus ter tat stmalations, the number of time 
packets + woud we onewtatetng. a tis ‘method dons met allow all 
Fp ad ecb ge ee eae 
not fire until time 19 and hence cannet yeotaoe « perket with tiie < 12. 
Therefore, the firing of the artiter at time 11 could be simulsied at.the came 
time as the fixing: af. the.cites.:..With the.cnentinstion cigntishm described, 
with value. aintG,d@t-¢ 2< 7 ent-henep the agtine wenld, ant.-bo- simulated 
ie etfachenay: vf <tie aieeafietion; since: 4t comme: the: simafletion. grooapecss 10 


Figure 3.3 - - satan loan Smid Concusenty. 
sks ae aide wos! 
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‘Fate Senitichaeee ih the sehen A mee sone green mate the: apecific 
properties of the modules being simulated. With the coordination algorithm 


nas te chee ca TASSUIR Mage nee 


ee 


- dasctbad onky two properties em seamed shout the moduler to be simulated 
they will not produce any output packets while tn the walt mods, and for esch 
‘module there is some minimum delay time doloy betwresn, when it fires and 
when it produces the first output pockets, This, of course, makes the 
Siiieatla puesto “acy Susans tuk. 6 aaceandl Cas, enews tmebticcaataaey 
mentioned above. If, on the other’ hand, we: inake ule of the fact thet ai ADD 
“9.4; ‘the’ cartel pelettlé time for it to produce 


an: te we gs 
“faut & yppe toasty tasty) ¢ 2° 


. = mex (8,18) +2 = 12, eee 
“Ts tame pocket 12) ood be sett th ery mgton module which 
Would then fire the qriter at time 3 and sung the, packet. (3,6) t the oder 
| simulstion module. m0} cam. only sbeorp. one. data 
acai igi tea aia 
(10 comid by simulated oven, though testy = 6.5, {fre.¢ e if... By making. use of 
these two particular propertiog of ADD mpfuies, only qne time pecket would be 


Of coures, there is a trade-off between the complexity of the coprdination 
Procedures within esch dmulation motile, .omd..tha. eftisteney. of the 
coordination, In the most extreme case, , Sach, mulation: module could: simplate 
the entire system internally to determine whether a perticular module can be 
safely fired. This would certeinly minimize “the amount of coordination 
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information saat detomen simulation modules, at tt would be overwhelmingly 
complex. 1 chaser atone So tha equal. coordination method 


A prot of Sse pent, te ert Wty Der 


The set suntng i Ms iin suet Stary ant ‘final sin ae 
er of “random 


apply. ‘tt ‘ses seniinsitc ‘imesh eve ‘sini $8 Sach isvky' Winn the venom 
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‘To formally describe the operations of the actdél modules and the 


For the actual motules, the requirements ere 
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Be) The simulation of each module satisfies the correct module simulation, 
orreat: ordering: of :duignt- on ssquirements. 
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Chapter 4. 
"Termination of the Simalation 


Introduction 
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transit between the simulation modules, This omaiscient. observer, nownver, 
"seca Jeet’ be: (A keepin ie, ghitceiphtis, Gt’ packst, chammnaicolie 


> architecture: design. or: our simuletion;,. the -simealation modules‘ must send, 


control information. to esch other: te: determine whether: the termination 
Most of the standard methods of determining whether a system is active, 
uch as time-outs, or waiting for a marimum count on the number of time 


peckets will not work for this stmulstion. “There are, however, special features 
of peckat communication architecture mofules which can be taken advantage of 


Connectivity Classes 

| ‘A module My cam only siosive tayet information in the form of packet 
arriving at its input ports. Hence if there is no peth from module My to Mz 
‘hen the activities of My cannot affect thoe of ip. To make use of this ides, 
the meaning of path must be defined more formally. “First, a module M, “%s 
“commacted 1" 4 module My denoted My —> My, if an output port of module My 12 
"connected to an input port of Mz There is a peck from & module Hy 10 8 
module Mz, denoted My -* My, if there exists a sequence 
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1.) Time packets with: vekee.@ have been recetved on all those 
| input ict OP Mold Hthe cit? C ‘Whit are aot 
output ports of other modules in the 
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The termination operations for the simulation module of the termination 
control module T are as follows: 


1.) Perform normal simulation and coordination activities until 
every input port which is not in omer has received a time 
packet with value o 


2.) When there is no way for the module to fire without 
receiving more data packets, send test packets (test.+) from all 
output ports in to_class,. 


3.) Wait until K test peckets have been received on the input 
ports, where 
Kewl + > (\to_elass, | - 1), 


ta. this equation, -|to_class;|, is the number of output ports of 
‘module M, which ‘ave connected to input ports of other modules in 
the: class. 


4.) ir any laela x tluse ecataad sasalvea eins Gres fe 
test packets, continue with the simulation and coordination 
operations for the module. 


&.) Determine the validity of the test as follows: 


a.) If all K test packets have value test.+, and no data 
packets were received while waiting for the test packets, 
then send time packets (o) from all output ports of the 
module. 


b.) If at least one of the returning test packets has value 
test.- or a data packet was received while waiting for the 
test packets, then send packets (reset) from all output ports 
in to_classy, wait for K (reset) packets to return, and go to | 
step 1. 


6.) Once time packets (co) have been received on all input ports of 
the simulation module, terminate the simulation of the module. 


For every other module Ml jj im the class, the termination operations for the 


simulation module are as follows: 


1.) Perform normal simulation and coordination operations until a 


at potas ts seers wwe tapes por. 
Praresy ‘ Tete "ORES 


= Whee ie Mae tet yacht seed, coe mweiting the 


afl cig ports in tose Se? nyt 98 Bower Soniye 


ee ee ee rs packets, thea 
re ee ee 


"ig ben ‘lp Siw i 


ae 


cai © et tw wet owegh vy sienten nk betwen 


era ln, et 


ps ee 13 potaie Ay will are: send, out 
Vista oma, ey me - 1 new test pockets, 


ees — a | total hans ae test Packets, will be e sated. The values of these test 
ity {s found anywhere in 
. | output ports, are: chosen, all 


K test pockets will te funneled beck jo T. which am then chock. the text 


the class, + pecans ofthe way in Which te lg 


Soe SBE 


results. 


requirements for a packet comaenionion spas, egbedteg od ches cope eee 
module in each class is Gynoted of © terminetion. contra module, its 
Function 1s to initiate and collect information ghout each h test, This motule has 


BO anRiity to moniter. other mapales or eanenizn se any ective control. _ Hence, the 
neon ota ae man ? 


therm dae all ee is by 


nm control information is 


‘probieihn of monttoring the 


_ As with the coordination cagoriitin, alt tedtati 


ale tae Sah doe S Sekt Sf 


_ omimunicatiad Yin petiiet stmutitica! decile, ‘rittient’the firet-th, first-out 


_ Property of thse cee tines wilt be dverte 
yoduited ‘fée- titan Sibi opeiritsi en ions tts sin ee gt 


a eee as wt 


: . ohawsa, SE og wee x 
os ¥ Wer Fe 


One undesirable fetare of them termination operations {s thelr dependence 
om the overall structure of the system to be simulated. _Wharess the simulation 


pacts toa a ot 


Bes ie Sie 


ag me eee ae inns of a Big r= an ‘oe aa - uw, the 


par madstige up going’ se ia ah wet ee. 0) eyshwe 


“Te fetal rears i oy mete spb) eke 


madaies guaty,. me will the qpeed of 
B yl. th. tego EON 
te sent arvana important 


a ., @ Seet is 


te ' geod? 2 .eubiaek Bids LG 


a i a SS aS OEE SES sett 


vat ey Pea 4 9: seluye se¥ PO ewyONT UG GScsYr rer oe 
‘Gute fa ingut ports which seestve packets rem outside the 


- 6§ - 
clase, and all mofules at some time eve oeamd data operations, Thus the 
second test cannot be inltited unit the first termination requirement for the 
"class is satiafied, Each muccective test cannot bi initiated until the previous one 


- has completed, ‘Ths not caly smpliie the termination ayeretions, it Umits the 
frequency with which tects con be initiated, 


Correctness of the Termiantion Operations 
| The eddition of the termination operations to the’ simulation modules will 
not interfere: with the simulation of the system, bat (Rey will cause the 


simulation to terminete: if the sctusl sydteth: dow, Thy is etated 18 the 
following theorem. 
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shown that a test will suceed, once the termination conditions are satisfied. . 


Conclusion 

The relatively simple coordination operations of Chapter 3, which are 
designed to keep the simulation from deadlocking, created a much. more difficult 
problem of terminating the simulation. The solution of this problem requires 
both compromising the modularity of design of the simulation modules to some 
degree and also adding termination operations which are more complex than the 
original coordination aoucaticas: This lack of modularity and greater complexity 
makes the correctness of the termination operations more difficult to prove than 


the correctness of the simulation and coordination operations. 


“However, the termination operations do satisfy the design goals for the 
simulation. The simulation remains a packet communication architecture system 
in which all communication is in the form of packets, the simulation modules 
are autonomous, and the design is time-independent. Furthermore, while the 
termination operations more complex than the coordination operations, their 
{mplementation should not be particularly difficult, and they are efficient 


enough to have little effect om the speed of the simulation. 
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will still apply. 


Modules which Compute Monotone Functions 

Many of the packet communication architecture modules which have been 
designed to date compute monotone functions over their histories. That is, if 
the module produces an output history HO, when given the input history HI,, 
and an output history HO. when started in the same initial state and presented 
with an input history HI,, where 


HI, & HI, 


HO, & HO. 
‘Modules - which compute monotone functions over their histories are 
chatastcslona hy the property that the decision about which input packets are 
sisasirtied vate: Gei Lape pork: an aad daca) sustiadion Firing tu Waeseuawnt Gr 


the arrival times of any input packets, 


In particular, any determinate module computes a monotone function, 
where a determinate module [12,18] is a module for which the sequences of 
output packets sent from the output ports depend only on the sequences of 
input packets arriving at the input ports, and not on their arrival times, For 
example, the ‘functional operator and switch modules of Chapter 1 are 


determinate modules. 


One would expect many packet communication architecture modules to be 


determinate, since they embody the ultimate form of time-independent operation. 
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module for an ADD module has not received any data packets, and flast, = 108, 
and tlastg + 18, then the firing of the module for any time less than or equal to 
188 will never be ery even if a packet with time value 11 is received on 
input port 2. The coordination operations are overly cautious. They assume 
only something which is true for any module - if there are not sufficient 
packets for the module to fire, then the module cannot fire before the arrival 
of the next packet. If the coordination operations could take advantage of the 
firing requirements for a module, then it could often calculate values of tout 


which are higher than those obtained by the method of Chapter 3. 


-Any change in the method of calculating tout, will inevitably be more 
complex than the calculation 
tout = 3, (tlast,) + delay. 
Hence, the strength of the calculation, that is the closeness to the maximum 
possible value, must be balanced with the. simplicity of the. calcnlation. The 
following method of calculating tout represents a particular compromise between 
strength and simplicity. It is very simple yet seems to be reasonably strong for 


many modules. 


Expressing the Firing Requirements 

First, a method of specifying under what conditions a module might fire is 
required. For any module, a boolean-valued function F can be given which 
takes as arguments the values of p,, 1s/sn, where p, is the number of packets 
present at input port i; If | 


Fl pgs Poreeee Py) = true, 


Se ee na 9 i i et» port. tp 


Deere ie a eh ‘ one ket. 


pei eovaheeey gio yy 


as S$ 7 ry 


; pent. ase «Saat Samosa, if the 


BA ei 


gees y 
Fest 


‘ea te 1 as 0 pect a we ep 


woo sbe ey ‘ | 


- 75 - 
' form: 
F(PgsPoveces Pp) =. 
U(py2cy,) A (pgecas) A o0e A (pp2cyy)] 
v [(py2cgo) A (po2cog) A vee A (py2tao)] 
~ v Upygeeyg) a (Po2tng) Nooo A (py2Cng)), 
in which each Cy, is some constant greater than or equal to zero. This form of 
the equation is called the sum of products form. Note that if c,, = 8, then the 
Predicate (p,2c,,) must have value true, thus these factors can be omitted from 
the equation. Equations with all factors of the form (p,28) removed are in 
fedonud sum of products form. In the preceding examples, the functions F nop» 


Fay: and Fi. are expressed in reduced sum of products form. 


Many functions cannot be expressed in this sum of products form. In 

fact, only those functions for which . 

FipysPores++P,) = true 
implies that for any values, Ryrkoveresky 2 8, 

Fipythy Potkor--osPyth,) = true, 

can be expressed in this form. However, for any function F we can always 
find a “weaker” function F’, such that if | 

Fl pgs par+eeopy) = true 
then _ 

F’ (pyr Pare+eoPyl = true, 


and an equation for F’ can be expressed in sum of products form. 


A sum of products equation for F can be translated into an equation for 
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Even if the function F has value true at some point in the simulation, if the 

data packets with time values Jess than or equal to bt, (tasty) are not 
"sufficient for the module to fire, then no data packets can be produced with 
time values less than or equal to tenga (tlast,) 4 delay. Thus, the calculation of 
touf must take the maximum of the two predictions of the minimum output 


time - that based on the function F, and that based on the values of tlast». 


For example, for the ADD module the equation is 
tout «= max[ min(élast ,, tlasto)+delay 3 max (f44.t94) +délay-€ ]. 
For the arbiter, the equation is 
tout = MAXL mintelast s,tlastol+deley 5 minltys.tp1)+delay-e |, 
= min(tlast,,tlasts) + delay. 
This equation degenerates to the original equation for tout. Finally, for the 
function F,,, the equation is ee 
tout = MAX 8!" (tlast,)+deley 3 Brdelay-c ] 
= ime, (tlast,) + delay. 


1sksn 


This equation also degenerates to the original equation for tout. 


Correctness of the Caloulation 

‘this modified method of calculating fout will not cause the simulation to 
violate any of the three requirements: correct module simulation, correct ordering 
of output packets, or soevacl ceahdinenon: Hence, the Gircactneds of Simulation 
Theorem given in Appendix | 2 will still apply. Clearly the ‘eertect module 
simulation requirement will still hold, since this modification will not affect the 


data packets produced by the module in the simulation. 
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example, suppose the module M, of Figure 5.1 obeys the function 

| | F(pyoPo) = (py2l) n (pel). 
Using the original method of calculating tout, tout = min(18,188) + 2 s 12. Thus 
a time packet (12) would be sent to Mj, which would send back a time packet 
(13) and 90 on, until after My has sent 30 time packets, it would finally 
receive the packet (108) and the firing at time 108 could be simulated. If 
instesd we use the calculation 

tout = MAX[ min(10,1@0)42 3 max(18,108)+2-0.681 ] = 181.999, 

the time packst (161.999) could be sent to My, which would send back 
(182.989), and the firing of the module could be simulated. Thus, the 
reduction in the number of packets sent during the simulation can be very 
large. | 
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Chapter 6 
Conclusion 


Insights and Afterthoughts 

As has been demonstrated here, it is indeed possible for the simulation of a 
packet communication architecture itn to itself fulfill the design 
Philosophies of packet communication architecture. The modularity and 
time-independence of the simulation allows it to be performed by virtually any 
computer system which supports intercommunicating processes. Furthermore, 
the operations which must be performed for each module in the system are 
reasonably simple and therefore can be executed by small processors such as 


microprocessors. 


The methods which have been developed here are very general as ‘well. 
Few restrictions are placed on either the characteristics of the modules in the 
system or on how these modules are interconnected. Moreover, the methods are 
provably correct, which is an important feature for any asynchronous, parallel 
computation, due to the numerous and often subtle difficulties which are 


encountered in the design of such systems. 


The coordination and termination operations are simple enough to use only 
a small fraction of the simulation module's processing. time. However, it is 
difficult to estimate what fraction of the processing time will be spent waiting 
for the necessary time or data packets. This will depend a great deal on the 


structure of the simulation facility and on the system to be simulated. Thus, it 
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The design of overhead computations for parallel systems is still in a 
rather primitive state. Other parallel computer systems, such as Illiac IV [3], 
are eaaseiies in such a way that the amount of overhead operartions is 
minimized. These systems contain central controllers which tightly control the 
operations of the components, thereby avoiding the need for the processors to 
communicate their status with one another. Because of the rigid control 
structure, however, it is difficult for the user to program such a system to run 
efficiently. These systems are suitable only for applications in which the 


structure of the algorithm closely matches the structure of the system. 


Packet communication architecture systems, with their decentralized control 
and time-independent operation are potentially much more flexible and general 
purpose than other parallel systems, However, along with this increased 
capability comes a need for the components of the system to keep their 
activities coordinated properly. The design of overhead operations for these 
systems requires an approach which is totally different from those used in 
designing traditional systems. The overhead computations incorporated in each 
component of the system can utilize only a limited amount of information about 
the rest of the system. For example, the only information about the status of 
the rest of the system available to the coordination and termination operations 
of each simulation module is in the form of time and test packets received at 
the input ports. Overhead operations which can be "modularized" in this 
fashion seem rather foreign, partly because they have no locus of control. 


Instead, the operations take place in many locations simultaneously. 
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means of programming the simulation modules is needed. Ideally, the user of a 
simulation facility sis cesil be sabia Se asecit Aina oper etisihas ok the Componente OF: 
the actual system in a high level language: such as the Architecture Description 
Language of Leung, et al [14]. These specifications would then be translated 
into programs for the simulation modules by an ADL compiler. The user should 
not be concerned with the coordination and termination operations, nor with the 
details of the module ectivity simulation, Fortunately, the coordination and 
termination operations are simple and uniform enough that they will not 
increase the complexity of this translation greatly. The major difficulty is the 
design of a language which allows the specification of a wide variety of 
systems in a concise and understandable form, but can be translated into 
programs for the simulation modules. With the increasing interest in parallel, 
asynchronous. computing systems, a convenient and efficient means of simulating 
them will be required to determine the best designs. 


The other potential direction for further research is to apply some of the 
sociinieciee aes: alale WAUKNawe bee: Wadeldeed Wale: kev ote areas: One . 
direct application would be to the simulation of systems which are not strictly 
packet communication ‘architecture systems. Some systems which are commonly 
simulated, such as air traffic control models, have the essential properties of 
packet communication architecture design. That is, the system. can be 
subdivided into a number of components which operate independently and 
communicate with each other only in a limited and well-defined manner. For 


example, an air traffic control model can be subdivided into geographic regions. 
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“Moving beyond the field of simulation, there are. other argss to which 
see anes teat sip Te. oblems of, deadlock and 


ecyachroaous systems, The concept of aiding overheot opeeations to « system to 
prevent these problems can be applied to other systems. For exampie, the 
author [4] has identified a deadlock which cen occur when the date flow 
‘language of Weng [23] 1s extended to include both cycles and nondeterminacy. 
This deediock occurs after all computation by the program is completed, but the 
Program fails to recognize that it is able to terminate. ‘This deadlock can be 
avoided by siding more data flow actors to the program 1 perform the 
overhead computations are very similar to the termination operations of the 
simulation modules. | 


"To design the overhead operations for a wider class of parallel, 
asynchronous systems, however, more geseral techaiques will be required. 
Ideally, © programmer should be sble to specify a program in a high-level 
language which will then be compiled into a number of separate module 
programs which include all of the nesied overhesd operations. These programs 
‘could then be loaded into the modules of a packet communication architecture 
system, and the system would then execute the program in a highly parallel 


Thus, while the focus of this work was on simulating a particular type of 
computer system in a particular manner, some of the techniques and concepts 


which were developed here have much broader areas of application. 
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Appendix 1 
‘Correctness of the System Simulation 


The following proof shows that the simulation operations of Chapter 2, 
combined with the coordination operations of Chapter 3 will give a simulation 


which accurately models the actual system. 


Before proceeding with the proof, some additional notation is needed. For 
an input port t» of a simulation module, the value of flast, is the last time 
‘vali received on that input port, Thus, for an input port simulation history, 
we can define a function Tiast where Tiast(hsi,) equals the. minimum value 
of t, @stsoo, such that hsi,(t) = hsi,. Similarly, for an output port o, of a 
module, tlest-out equals the last time value sent ne the. port. Thus, a 
function Tlast-out can be defined for output port simulation histories, where 
Tlast-out(hso,) equals the minimum value of ¢, @stsw, such that hso,(t) = 


hso,. 


Finally, for a module input simuletion history HSI the function Tfina! is 
defined an: 
| THinal (HSI) = 25, (Test (hsi,)), 
where 
HSI = <hsi,,hsiz, ... ,hsi,>. 


This function can be applied to system input simulation histories as well. 
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then after all cutgut data packets have teen potuce, it will send out time 
packets with value 

tot» fan! + dies, en 
from all output ports for which tm > daseity Since deloy is greater than 
zero, either tout > tfinel, or tout = tfinal = ©. Hence, after the last time and data 
"pockets have been seat from eech output poet oy, atthe 7 
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has deen received. That i$ can projuce the ogtput simulatiqn history up to 
time ¢ is guarantend by the three requirements 09 the module, ‘That it will ts 
guaranteed by the correct module simulation requirement. In order for the 
simulation module to realize it has received the entire tuput’simulatio# history 
as is stated in the condition ¢ < Tfinal(HSI), ‘The simulation, however, will 
caly use the pockets with time vaiuaé tote than ¢ in celculsting the outyut 
values with time values less than or equal to f. 


lat eur = antes, and let HO" equal the output. 


mote when 1 oars in sat Sy an reatves the fapat Mstory HI’. _ Then by 
. the statement of the lemme, 


HT 8) = datatHSt0-8) = a0 (t-8), for, a 528. 


| Hence; hy the thrwe rertrements forthe staal 


Seapets ets anh as 
. i () ° HOt). a, tak ee 
Furthermore, by the correct modelo simaiaton requirement, if goa = 


| Ttinal (HSO), then " —_ | 
: data(HSOtefinal)) = HO' (¢final). 
By the statement of the lemma, { < ifinel, therefore 
date(HSO(e) = HO’ (2). 


Thus 
detatHSOte)) = HOt) = MO. 
This lexima will allow us to intk only at the input data packets with 
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That 14, the ststalotion will be corect Gewngh time ¢,, and ail ontrat ports in 


oer pti ke 
the stuletion will pete some pacet with tne vatue grentar then f, unless 
te she gids 2. 
t = ©. 
Basis: | = 8. 


oc, @.), Initially, MSO ,(@): a yet = sp onpay Sewer, vapneysere ae 
b.) Initially, ‘HSI j'0) = HI (0) © the:emyptgr ‘hisety.-sHemys, TtinestHSI /(8)) » 
8 for any module Mj, By the correct, sqesiination requirement, for any output 
port o, of module Ry. ce jks tue Feo gh eg dagatl ae 

 Mastent p> TH SE (81) » 8. 
Thus, hso,{6).0:bse,, for-any vutpat-port imithe‘ayepem 


panetion: Assume true for 1, where, « sa, ror tan fe Ne 
2.) Tue Moncticity of Simulation Outyet Lemma which has just been proved 
_ Will be applied to show thet cata 0) ° Wyte pAb induction 
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for att motes Hy tn the gyre. Fertermer, ty the satement of te 
theorem, | 

data(SI) «= I. 

Therefore, since all-comabunicetion: ubienmels' 1 the tikulatiow‘eparate progerly, 
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for all simulation motuie Hy Since no packets ere produced with time t such 
that fe <t< baggy 


data (HSI ,(¢.,7-8)) = HI ,(¢,,7-8), for all 8>8. 
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tlast-out, = O20 2 trys. 
That is, some packet with time value greater than thet will be produced on 
each output port, unless t,,, = ©. Thus, for any output port o, in the 
simulation, either 


hso,(t,,;) c hso,, 


£161 = @, 


' Therefore, by induction 
data(HSO ,(ifinel)) = HO, (sfinal), 


for any module M, in the system. 


Finally, to show that the module M, would have the same final state Sy in 
both the simulation and the actual system, if ffincl = ©, we have just shown 
that data(HSO, (¢final)) = HO(sinal), for any module M,. Furthermore, for the 
syst input ports, ‘the statement of the theorem requires that data(SI) = I. 
Thus, if the communication links between simulation modules operate correctly, 
and ¢final = 0 | 
| data(HSI ,) = HI, 
for any module M,. By the statement of the theorem, M, is started in the same 
initial state S, in both the simulation and the actual system, therefore by the 
correct module simulation requirement, if t/fina! = © and the simulation module 
terminates, then both the simulation module and the actual module must have 


the same final state. 
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This completes the proof of the correctness of the simulation operations of 


Chapter 2 combined with the coordination operations of Chapter 3. 


fret three requirements for the Correctase of Simulation Theorea will hold 
As for the correct module seilation requirement, the termination operations are 
dacgued not to interragt the sunletion of the moon Tae caly way they 
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operations for connectivity classes containing-eyciee- 40 not causes the simulation 
modules in the cles to terminate too soon, the cesunsilinds cf tle Marafation 
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terminate prematurely in one of two ways. Pit, « wot of the clase might 
"cceed, even though (he tarmindtion eveditnas ae set steel. Second, some 


simulation motaie My might receive a time pocket (o) on an tupat port ye 


is aac oh ithe but rather easly By 


the further reetriction wich har ben paved on the coosiaation operations 1a 
the ‘statement of the:-dieosem; he: eccranMaRides? Uperethitiy cannot cause a 


: ‘atmudetion:motete * Cc} ‘to cond Out the: ‘patteatt Too} ‘trom: “tts output ports, 


| unless time packets (co) ‘have been received on all input ports, incleding those 
in fromcless,.— However, Ro simulation module M, « C, will receive a time: 
packet (co) ca un iayat pert in fromlom, aloes eons simulation. motule 
M, « Cy somes a das. packet: feo)’ from atl eenputpiee: Bk tocplees . Without 
- any" termbmition -opesdtions; “this Week hippen Galy-1f 0; ted Wréety ‘revetved a 
simulation module can be the first simulation module inthe’ ¢iahé' té‘send time 
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‘simulation motules in a class ee cas vom 
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and it receives no further data packets. while waiting for the returning test 
packets, this means that 


1.) All simulation modules M, «¢ C; have received time packets (co) 
on all input ports i, ¢ from_class ;. 


2.) No simulation module M, « C, can simulate the firing of a 
module without receiving more data packets.. 


3.) No simulation module in C,; will ever receive further data 
‘packets. 


The following sequence of assertions proves Lemma 2.1: 


1.) If every simulation module M, € C; is terminateble, meaning that it 
receives a time packet {co) on every input port which is not in from_class,, and 
it eventually stops simulating the firing of the module, then during a test (or 
reset) of the class C, | 
a.) Beets seme letion memele Ay tay, WEL seceive: et. teeet one, ert 
(or reset) packet. 


b.) Exactly K test (or reset) packets will be created, where 
: Ket+ 5) (\tochessy| - 1). 
McC, 


c.) At least one test (or reset) packet will be received on each 

a nn ate pe 
Assertion ‘1a) can be shown by induction on the length of the shortest 
path from T to M, (there must be a path from T to any other module in a 
connectivity class.) As a basis, if / = 1, then T —> &;. M, will receive a test 
(or reset) packet shortly after T sends out test (or reset) packets from each 


output port o, ¢ to_classr. Now assume the assertion is true for all simulation 
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"port fy in fromiclese, of any simulation motule Mj <C, 


2.) If some simuletion module M, is not texminateMey ‘then less than K test 
It My 1s not terminate, then 1 wil not vend out any tert pockets oven 


if it receives any. Thus ft will not create [to.slame;| - 1 toot pockets, which 


moans that fewer than K test packets will be crested during a test of the class. 


"The tast cannot sucoged.tniass T secatmee K test pecheiw: hence the test cannot 
_Mucceed if some simnlation. mule My dogs not senave sie, seckats: fo} on -all 


firing of the module. 


3.) Por a test to sescest, ne simulation module can recetve any dete packets 


Detwroun the time it reetves Mr firt eet packet and the the it sends ts Lert 


eee 


If a stmalation motule @if receive a data pocket uring this time, it. would 
send out at least one packet (test.-). Ome 8 “(teet.-) pocket has been sent, 


‘the test must fall, tecruse any terminstable simulation motule which receives « 


(test:-) must send out a Liane: Pocket, If all. modules, are terminatgble, T 


wit race at at one (tent) pet, md the tn, wi fal, If some 


simulation module is not terminetable, the test will fall in any cam, 


4.) HE 4 tet ceeds, no mation motile M, « C, will receive day date 


packets after it Kes received its last test peckist. 


2113 - 


This will be shown by contradiction, snap 9 fet of 8 pve, mncraels 


but ous or more simulation motulas restve deta ps ety 
final test pockets, _ Lat My be one of the first 1 


“happens. That 1s, daring the tty My rosie ll of tn fet pict and Inter 
reonives a data pocket p om some inyut port iy, but this had not, happened. to 
any simulation module in the class before this point, If t is not in 
from_cliss;, then M, could not have sent any test packets before receiving this 
data pecket, because it cannot send any test packets before receiving a time 
| packet (co) off t. “Thus if a data patitet ia 
fa not tn from clive, after any test pocket has been recdived by Mj, either the 


ees os eA 


ca’ am input port i, which 


(test.-). In either case, the test ‘wos fail. ‘Thus, ty must be in from_class,, 
which, Dy seertion 1c), tmolied thai a test pdt wae received om input port (y 
before dita packet’ was received. By’ the first-ia, first-out property of the 
mnt tpt 9H ae hd i ‘Tale yaseinaaity 
sere ey eee ee tee : 
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would fail in this case, tn the sscond com, B. 
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before M, received date perket p from. i;. This would viniete the esmumption 
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rm) 1a test excoveds, then 20 simulation module in the class can over simulate 
a firing without receiving more data packets, nor will it ever receive more data 
pockets, 


If a test ‘succeeds, thea at the time a sts 
peckets. By assertion 3), the simulation module did not receive any date 
packets between this time and the time at which it recaived its last test packet, 
By assertion 4), the simaletion module id not, “tot? will it’ receive amy date 


tid 


postata after’ the‘Lant tert packet swan retteet: ‘Tamtters'-the: tat will succeed 


fxs 


only Af all sasalation modules tn the clap ee rat fa: de termina, 
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are satisfied. AE a class Cy consists of © single module My which has no 
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packets (co) will be sent out once time pockets with value @ have been 
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Thus, this class will terminate once the termination conditions are satisfied. 
For connectivity classes containing cycles, it must be aneara that once the 
connectivity class reaches the conditions for termination, any previous test or 
reset will be completed, a new test of the class will be initiated, and this test 


will succeed. These requirements are stated in the following lemma: 


Lemma 2.2. Eventual Termination 


A.) Completion of a Test or Reset 

Suppose the termination control module T for a class C j Sends a test (or 
reset) packet from each output port o, in to.classr. If every simulation module 
M, in C j 48 terminateble, meaning it eventually receives time packets (co) on 
every input port i‘, which is not in from_class,, and it eventually stops 
simulating the firing of: the module, then all simulation modules in the class 
will receive at least one test (or reset) packet, ont fh yok ereainely eee 
test (or reset) packets, where 

Kel+¢ > (\to.class, | - 1). 
McC, 


B.). Eventual Success of Test 

Suppose every simulation module M, in C j reaches a state in which time 
packets (co) have been received on all input ports which are not in from_class,, 
no firings can be simulated without receiving more data packets, and no more 
data packets will ever be received by M,. Then T will send out test packets _ 
(test.+) from all output ports in to_class;, and it will eventually receive K 
(test.+) packets in return without receiving any further data packets. 


C.) Termination after Successful Test 

If T sends out time packets (co) on all of its output ports, then every 
simulation module M, in the class will eventually receive time packets {c) on 
all input ports and hence will terminate. 


The following sequence of assertions proves each part of Lemma 2.2: 


A.) Completion of a Test or Reset. 
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modules have received at least. cne fect, (or reget). .pephety..all tegt (or reset) 
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B.) Eventual Success of Test. 
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receives its first test packet and the time it receives its last test packet, it will 
send out (test.+) packets as long as it receives (test.+) packets. By our 
assumption, no simulation modules will receive data packets once the test has 
started. Therefore, since T starts the test by sending (test.+) packets, by part 
A) of the lemma, K (test.+) will be created, and T will eventually receive K 
(test.+) packets. Thus, the test will succeed once the termination conditions 


for the class are. satisfied. 


C.) Termination after a Successful Test. 
Suppose the test of a class succeeds and T sends time packets {o) from all 


output ports. 


1.) Every simulation module M, in C, will receive at least one time packet (co) 


on some input port {, in from_class,. 


This can be shown by induction on the length of the shortest path from T 
to M,. In fact, the proof is virtually identical to the proof of sssertion 1a) in 


the proof of Lemma 2.1, 


2.) Every simulation module M, € C; will receive time packets (co) on every 


input port. 


In order for the test to succeed, M,; must have received time packets (co) 
on every input port which is not in from_class;. Furthermore, by assertion 1) 
any module M, « C, connected to M, must receive at least one time packet (co) 


on some input port i, ¢ fromclass,. Hence, it will send out time packets (co) 


os al output ports, indading ane to tage! post iy of motate ily ‘Therefore, all 
ction mas tC weit suse tne putes int Sat sagt pris cme 


a: = 
oe Saag te ae SR. 


the test hes snccended. 


Foie -cermalehon nant Gs: Me -ateMon. aK. Se Sompiantien, Ameen: +: 
termination conditions fer the squtem ave sutistio‘. 


CS-TR Scanning Project 
Document Control Form Date: /o ye 7 15 


Report #_1.<s-1R-133 


Each of the following should be identified by a checkmark: 
Originating Department: 
OJ Artificial Intellegence Laboratory (Al) 
Laboratory for Computer Science (LCS) 
Document Type: 


JA Technical Report (TR) (1 Technical Memo (TM) 
C) Other: 


Document Information Number of pages: [2.0(126-(mares) 


~ Not to include DOD forms, printer intstructions, etc... original pages only. 


Originals are: Intended to be printed as : 
(] Single-sided or (1 Single-sided or 
YL Double-sided J&L Double-sided 
Print type: 


[Typewriter (] Offset Press © []_ Laser Print 
CC] InkJet Printer xX Unknown [] Other: 


Check each if included with document: 


(1) DOD Form (1 Funding Agent Form 5 Cover Page 

D <6 Spine CL Printers Notes LC) Photo negatives 
O) Other: 

Page Data: 


Blank Pagesy page number: 
Photographs/Tonal Material cy page numbes: 


Other (note description/page number). 
Description : Page Number. 


Dmace Mpg. () - 120 9 Unt ep TLE PACE D- 1.0 
[iay- 12.6 )Scaucow trol COVER, SPiN ETRE (7) 


Scanning Agent Signoff: 
Date Received: /0/d6/%5 Date Scanned: _/1/17/ 7S Date Retumed: _// Jay 7S 


Scanning Agent Signature: Fades A no vA Stas ce ak ga me 


Scanning Agent Identification. Target 


Scanning of this document was supported in part by 
the Corporation for National Research Initiatives, 
using funds from the Advanced Research Projects 
Agency of the United states Government under 
Grant: MDA972-92-J1029. 


The scanning agent for this project was the 
Document Services department of the M.I.T 
Libraries. Technical support for this project was 
also provided by the M.I.T. Laboratory for 
Computer Sciences. 


darptrgt.wpw Rev. 9/94 


